The redox-regulated chaperone Hsp33 protects organisms against oxidative stress that leads to protein unfolding. Activation of Hsp33 is triggered by the oxidative unfolding of its own redox-sensor domain, making Hsp33 a member of a recently discovered class of chaperones that require partial unfolding for full chaperone activity. Here we address the long-standing question of how chaperones recognize client proteins. We show that Hsp33 uses its own intrinsically disordered regions to discriminate between unfolded and partially structured folding intermediates. Binding to secondary structure elements in client proteins stabilizes Hsp33's intrinsically disordered regions, and this stabilization appears to mediate Hsp33's high affinity for structured folding intermediates. Return to nonstress conditions reduces Hsp33's disulfide bonds, which then significantly destabilizes the bound client proteins and in doing so converts them into less-structured, folding-competent client proteins of ATP-dependent foldases. We propose a model in which energy-independent chaperones use internal order-to-disorder transitions to control substrate binding and release.
INTRODUCTION
Molecular chaperones are involved in maintaining a functional proteome (Tyedmers et al., 2010) . Divided into various unrelated yet highly conserved protein families, chaperones have in common the ability to bind unfolded polypeptides and prevent their nonspecific aggregation. Many chaperones, including the DnaK/DnaJ/ GrpE system, are classified as ''foldases'' as they promote protein folding in an ATP-dependent process. The other category of chaperones is ''holdases.'' They include stress-specific chaperones that are needed to protect proteins against aggregation under distinct stress situations (Haslbeck et al., 2005; Jakob et al., 1999) . Usually ATP independent, holdases bind tightly to unfolding proteins until nonstress conditions resume. Then, client proteins are released for refolding in a process that is often mediated by foldases (Haslbeck et al., 2005; Hoffmann et al., 2004) .
The highly conserved, redox-regulated Hsp33 is a stressspecific holdase, which protects bacteria against severe oxidative stress conditions, including bleach treatment (Winter et al., 2005 (Winter et al., , 2008 . Under nonstress conditions, Hsp33 is a compactly folded zinc-binding protein with negligible affinity for unfolded proteins. However, when exposed to oxidative stress conditions that lead to widespread protein unfolding, Hsp33 undergoes massive conformational rearrangements. These changes occur via Hsp33's C-terminal redox-switch domain, which consists of an 50 amino acid (aa) flexible linker region (aa 178-231) and an adjacent, redox-sensitive zinc center. Triggered by oxidative disulfide bond formation and zinc release, the redox-switch domain of Hsp33 unfolds Ilbert et al., 2007) . That activation of Hsp33 requires its unfolding makes Hsp33 a member of a new class of chaperones that are active when intrinsically disordered (Tompa and Csermely, 2004) . Previous studies revealed that the specific activation of Hsp33 compensates for the inactivation of ATP-dependent folding chaperones, which are unable to function efficiently due to the oxidative stress-mediated drop in intracellular ATP levels (Winter et al., 2005) . Release of client proteins from Hsp33 requires restoration of reducing nonstress conditions and the presence of a functional DnaK system (Hoffmann et al., 2004) . Analysis of the in vivo substrate-binding specificity of Hsp33 and DnaK revealed an extensive overlap in client proteins, a necessary prerequisite for the synergistic action of the two classes of chaperones (Winter et al., 2005) .
Activation of Hsp33 requires its native unfolding, making Hsp33 a particularly intriguing example of a protein that apparently needs to lose its structure to gain function. Several other chaperones, including the acid-activated HdeA (Tapley et al., 2009 ) and the heat-activated small heat shock proteins (Jaya et al., 2009) , have been shown to use localized protein unfolding for activation. In addition, many other chaperones have been shown to constitutively contain regions of intrinsic disorder (Tompa and Csermely, 2004) . Due to a lack of structural information about chaperonesubstrate complexes and intrinsically disordered proteins in general, little is known about the precise roles played by these regions. Here we used a combination of peptide-binding analysis, measurements of protein stability by rates of hydrogen/deuterium (H/D) exchange and mass spectrometry, and limited proteolysis studies to demonstrate that chaperones, like Hsp33, use their intrinsically disordered regions to specifically recognize early unfolding intermediates and trigger unfolding processes necessary to return proteins onto a productive folding pathway.
RESULTS

Identification of Hsp33's Peptide-Binding Specificity
We were intrigued by the question of how Hsp33 can effectively bind hundreds of different client proteins while studiously avoiding binding to its own intrinsically disordered C-terminal redoxswitch domain, even though this domain is unfolded and present at very high local concentrations. We thus decided to determine the substrate-binding specificity of Hsp33 by screening a peptide array comprised of 3,914 peptides, encompassing the complete sequences of 18 different proteins (Table S1 available online) . A large subset of these peptides was derived from previously identified Hsp33 and DnaK client proteins (Rü diger et al., 1997; Winter et al., 2008) . We used 12-mer peptides spanning the entire sequence of the individual proteins. Each peptide overlapped the adjacent peptide by 10 residues.
The peptides were synthesized in situ on microfluidic chips and immobilized via a long (equivalent to 30 aa) C-terminal polyethylene glycol linker (Pellois et al., 2002) . As shown in Figure 1A , in contrast to reduced, inactive Hsp33 red , which did not reveal significant binding, active Hsp33 ox bound strongly to select sets of overlapping peptides (i.e., repetitive binding). We normalized and scored the fluorescence intensities from 0 to 1 according to a flow scheme depicted in Figure S1A (see Experimental Procedures for details). Peptides that bound to at least three directly adjacent peptides with individual scores of R0.8 were defined as ''good binders,'' whereas peptides with at least three repetitive low scores of %0.2 were defined as ''nonbinders.''
To assess the peptide-binding specificity of Hsp33 ox , we determined the relative occurrence of amino acids in good binders versus nonbinders compared to the relative occurrence of all 20 amino acids in the total peptide library. We found only a few amino acids that were slightly more abundant in good binders (Figure 1B, red) and less abundant in nonbinders (Figure 1B, blue) as compared to the total peptide library. In contrast, however, we found that the two negatively charged residues Asp and Glu, as well as Trp, Cys, and Lys, were strongly disfavored in good binders and highly enriched in peptides that failed to bind to Hsp33 ( Figure 1B) . Analysis of the amino acid sequence in either good binders or nonbinders did not reveal any specific sequence motif or position specificity for any of these residues ( Figure S1B ). However, Hsp33-peptide interactions appeared to largely depend on net charge and hydrophobicity of the peptides, with nonbinding peptides being significantly more acidic and less hydrophobic than good binders ( Figures 1C,  1D , and S1B). To predict Hsp33-binding sites in proteins, we developed an algorithm that takes amino acid distribution, hydrophobicity, net charge, and secondary structure into account (see Extended Experimental Procedures). This algorithm showed high accuracy in predicting good binders (83%) and nonbinders (91%) of Hsp33. Figure S1 and Table S1 .
highest scores in our peptide array over seven repeats ( Figure 1A , right panel Several other high-affinity peptides of Hsp33 ox identified by the array turned out to be insoluble upon synthesis. We thus decided to use a complementary approach to validate our peptide array results. We reasoned that our prediction algorithm, if accurate, should identify good binders and nonbinders of Hsp33 from a list of commercially available, soluble peptides. We scored 670 commercially available peptides for Hsp33 binding and screened the peptides against a database of peptides for which nuclear magnetic resonance (NMR) structures have been solved. By using this approach, we would be able to test our binding predictor and gain access to atomic resolution structures of potentially binding and nonbinding peptides. Whereas the NMR structures of many of our predicted good binders had been solved, none of our predicted nonbinders had structures available. We obtained six predicted good binders with known structures as well as two nonbinders (Table  S2B ) and tested their competitive activity in our chaperone assay ( Figure 2C ). All but one of the predicted good binders (i.e., Pep6, (Table S2B ). Far-UV CD spectroscopy revealed an a helix for Pep1 and random coils for Pep6-8 (see Figure S2D ). See also Figure S2 and Table S2. see below) prevented Hsp33 ox from suppressing CS aggregation in a concentration-dependent manner, indicating that they interact with active Hsp33 (Figures 2C and S2C ). The peptide with the apparently highest affinity to Hsp33 was Pep1 (i.e., neuropeptide Y), which fully competed with full-length CS for binding to Hsp33 at a Pep1 to CS ratio of 5:1. In contrast, none of our predicted nonbinder peptides (Pep7, Pep8) competed with CS for binding to Hsp33 even when present in 100-fold excess to CS ( Figure 2C ). These results strongly suggest that the peptide-binding specificity as determined in our peptide array and used as dataset for our binding predictor reflects well the binding specificity of active Hsp33 in solution.
Hsp33 Avoids Self-Binding by Disfavoring Natively Unfolded Polypeptides
Peptide-binding analysis revealed that Hsp33's substrate recognition might rely more on the chemical and structural features of the amino acids and peptides than on specific amino acid sequence motifs. It was furthermore intriguing to observe that overrepresentation of the same amino acids that are abundant in Hsp33's nonbinders characteristically defines natively disordered segments (Prilusky et al., 2005) . In fact, all of the amino acids that Hsp33 ox excludes from binding, i.e., Asp, Glu, Cys, and Lys, are highly enriched in natively unfolded proteins, including Hsp33's own C-terminal redox-switch domain (Figure S1C) . These results suggested that Hsp33 avoids selfbinding by disfavoring binding to natively disordered regions. Localization analysis of our nonbinders and good binders in the available crystal structures of the tested proteins fully agreed with these conclusions and revealed that 59% of nonbinders are indeed found in loops and nonstructured regions. In contrast, the majority (76%) of Hsp33's good binders are located in the structured regions of the proteins ( Figure 3A ), suggesting that Hsp33 might require secondary structure elements for binding. Although it is experimentally difficult to assess whether secondary structures persist within the dense spots of individual 12-mer peptides on the array, secondary structure elements are known to occur in peptides as short as 12 aa (Voelz et al., 2009) . Moreover, our peptide-binding studies shown in Figure 2C were entirely consistent with this model. All five of our Hsp33-binding peptides (Pep1-5) contained significant amounts of secondary structure as illustrated by their NMR structures ( Figure 2C ) and confirmed for Pep1 by far-UV circular dichroism (CD) spectroscopy ( Figure S2D ). In contrast, far-UV CD spectra of our nonbinding peptides (Pep6-8) revealed that they are predominantly random coil in aqueous solution ( Figure S2D ; Table S2C ). This included Pep6 (i.e., obestatin), the only predicted good binder of Hsp33 that failed to compete with CS for binding to active Hsp33 ox . Protein Data Bank (PDB) searches revealed that Pep6 is a helical when present in micelles yet adopts randomcoil structure in water (Figures 2C and S2D) . It thus appears that our predictor identified this peptide as a potentially good Hsp33 binder based on the fact that this peptide has secondary structure-forming potential. The peptide apparently failed to bind to Hsp33, however, as it was unfolded in our buffer system.
To experimentally address the question of whether Hsp33 ox interacts with natively disordered proteins, we performed chaperone competition experiments in the presence of increasing concentrations of its own oxidized C-terminal fragment, Hsp33 C-term (aa 218-287), which is unfolded when oxidized , or a-casein, a well-established natively unfolded protein (Gaspar et al., 2008 Figure 2B ). These results suggest that Hsp33 avoids self-binding by disfavoring binding to natively disordered regions and favoring binding to secondary structure elements.
DnaK and Hsp33 Have Overlapping Client Proteins but Distinct Folding-State Specificities
Our results fit well with the physiological niche that Hsp33 occupies in vivo, which is to prevent aggregation of mature proteins that slowly unfold as cells encounter stress conditions (Winter et al., 2005 (Winter et al., , 2008 . In contrast, Hsp33's synergistic interaction partner DnaK interacts with unfolded polypeptide chains as they emerge from the ribosome (Deuerling et al., 1999) . Analysis of DnaK's previously conducted peptide array (Rü diger et al., 1997) with regard to the predicted secondary structure features of DnaK's high-affinity peptides agreed with this conclusion and showed that many high-affinity binding peptides of DnaK are predicted to be localized in unstructured regions of the substrate proteins ( Figure 3A) . Moreover, localization analysis of the high-affinity binding peptides of Hsp33 and DnaK on the primary sequences of the seven common substrate proteins revealed that many binding sites only partially overlapped, suggesting that the chaperones often recognize regions adjacent in the primary structures of the substrate proteins ( Figure S3B ).
To directly compare the in vitro substrate-binding specificity of the two chaperones, we conducted competition experiments with DnaK in the presence of either Hsp33 C-term or a-casein, the two natively unfolded proteins that failed to interact with Hsp33 ox (Figure 3B ), or Pep NuoC (Figure 2A ), which we identified as a good binder of Hsp33 ox . These experiments were conducted in the presence of the cochaperone DnaJ, which is required to mediate stable complex formation between DnaK and substrate proteins (Lu and Cyr, 1998) . Both natively unfolded proteins decreased the influence of the DnaK/DnaJ system on the aggregation of the client protein luciferase, indicating that the unfolded polypeptides compete for DnaK's binding site ( Figure 3B ). In contrast, however, the presence of a 20-fold molar excess of Pep NuoC only marginally affected the chaperone function of the DnaK system, which agrees with SPR measurements that showed that the affinity of DnaK to Pep NuoC is almost 10-fold lower than the affinity of Hsp33 ox for this peptide ( Figure S2A and Table S2A ). These results confirmed the preference of DnaK for unstructured polypeptides (Deuerling et al., 1999) , including the intrinsically disordered region of activated Hsp33 ox .
To obtain independent confirmation that activated Hsp33 ox and the DnaK system have the same client proteins but recognize distinct structural features, we investigated their influence on the 55 aa Arc repressor, a client protein of both chaperones ( Figure S3C ). Arc has been previously shown to rapidly dissociate and slowly unfold upon dilution into salt-free buffer without forming aggregates ( Figure 3C , inset) (Bowie and Sauer, 1989) . We predicted, based on our previous results, that activated Hsp33 ox should interact with more structured folding intermediates of Arc that appear early in the unfolding process of Arc, whereas the DnaK/DnaJ system should recognize folding intermediates at later points during Arc's unfolding process. We thus added activated Hsp33 ox or the DnaK/DnaJ system at defined time points after start of Arc's unfolding process and allowed complexes to form before we added unfolded CS to analyze Arc's competitive activity. As shown in Figure 3C , the results were in excellent agreement with our prediction. We found that the ability of Arc to compete with CS for binding to Hsp33 ox decreased with progressing unfolding of Arc, whereas competition for binding to the DnaK/DnaJ system increased with increased unfolding. These results strongly support our conclusion that the two chaperone systems share their client proteins but exert significantly different folding-state specificity.
Intrinsically Disordered Regions in Chaperones: Flexible Binding Sites for Structured Folding Intermediates? Our results raised a number of intriguing conceptual questions, particularly with regard to the mechanism by which substrate transfer between Hsp33 and the DnaK system is coordinated and the potential role that Hsp33's intrinsically disordered region might play in this process. We thus decided to directly monitor the structural changes that Hsp33 undergoes upon substrate binding, paying particular attention to Hsp33's flexible linker region and zinc-binding domain (i.e., C-terminal redox-switch domain). In one set of experiments, we used a limited proteolysis assay with a mass spectrometric readout to characterize the exposed and buried regions in Hsp33 by means of their accessibility to trypsin. We first used different ratios of trypsin to Hsp33 and digestion times to compare the proteolytic sensitivity of inactive Hsp33 red and active Hsp33 ox in the absence of substrate proteins. In each case, the peptides were analyzed by liquid chromatography mass spectrometry (LC-MS) and mapped onto the modeled structure of reduced Escherichia coli Hsp33 (Cremers et al., 2010 ). Under all conditions tested, we found differential protection patterns in Hsp33 red and Hsp33 ox , consistent with large structural rearrangements upon Hsp33's oxidative activation. Residues that were more accessible in Hsp33 ox as compared to Hsp33 red were K198, which is located in the central a5 helix of Hsp33's metastable linker region, and R236, located in the zinc-binding domain of Hsp33 ( Figures 4A, 4B , S4A, and S4B). These results confirmed earlier CD and fluorescence measurements, which provided the initial indication that Hsp33's linker region and zinc-binding domain unfold in response to disulfide bond formation and zinc release Ilbert et al., 2007) . We also observed increased accessibility of R159, located in b8, the nearby R155, and K44, a residue of the central a2 helix, upon activation of Hsp33 ( Figures 4A, 4B, S4A , and S4B). These results suggest that structural changes in a5 disrupt interactions with b8, one of the four b strands shown to be involved in linker binding in inactive Hsp33 red and thought to contribute to substrate binding in active Hsp33 ox (Cremers et al., 2010) . Oxidative activation of Hsp33 also affected accessibility for three residues (i.e., K62, R126, and R148) that are located adjacent to Hsp33's highly conserved monomer-monomer interface (Graumann et al., 2001) , reflecting the structural changes that accompany dimerization of oxidized Hsp33 molecules.
To determine how substrate binding affects the conformation of Hsp33 ox , we analyzed the proteolytic accessibility of Hsp33 in (Table S3) .
See also Figure S4 and Table S3. complex with thermally unfolded luciferase ( Figures 4A and 4B ) or CS ( Figure S4A ). We reasoned that regions in Hsp33 ox that are either directly or indirectly involved in substrate interaction should become more protected upon substrate binding. The regions that we found to be affected by binding to either substrate involved the flexible linker of Hsp33 (K198) as well as the adjacent b8 strand and central a2 helix (Figures 4A and  4B ). Accessibility of these sites (i.e., R159, K44) decreased upon substrate binding, implying that interaction of Hsp33 ox with substrate proteins either directly obscures the cleavage sites and/or sterically blocks trypsin from gaining access to the sites. Other residues in Hsp33 ox whose accessibility was decreased by client protein binding were identified to be close to Hsp33's dimerization interface, consistent with functional studies that showed that substrate binding stabilizes the Hsp33 dimer (Hoffmann et al., 2004) . No other region in Hsp33 ox was found to have substantially altered proteolytic behavior upon substrate binding at this or less stringent trypsin concentrations. This included the zinc-binding domain, whose proteolytic accessibility was unaltered by the presence of substrate proteins. This result agreed with previous studies that showed that absence of the zinc-binding domain affects Hsp33's redox regulation but not its ability to bind client proteins (Ilbert et al., 2007) . These results suggest that client protein binding involves the flexible linker of Hsp33 as well as potentially a loop region located directly underneath the central a5 helix of Hsp33's linker. Limited proteolysis is a good tool to assess global conformational changes in proteins but is restricted by cleavage site locations. We therefore decided to employ the SUPREX technique to directly compare the relative changes in thermodynamic stability of Hsp33 upon oxidative activation and substrate binding (Xu et al., 2010 ). In SUPREX, the H/D exchange properties of globally protected amide protons in a protein are probed as a function of chemical denaturant concentration to acquire information about a protein's conformational stability (Xu et al., 2010) . SUPREX experiments have previously shown that Hsp33 ox is globally destabilized by 23.8 kJ/mol per dimer upon oxidative activation and that substrate binding stabilizes Hsp33 ox by 7.1-10.0 ± 0.9 kJ/mol per dimer, depending on the substrate protein (Tang et al., 2007) . In order to map which regions of the Hsp33 structure undergo the most significant conformational changes upon oxidation and upon substrate binding, we utilized the SUPREX methodology and combined it with a pepsin digestion protocol (Xu et al., 2010) . The overall coverage of Hsp33 was 60% ( Figure S4B ; Table S3 ). A MALDI-MS analysis was used to determine the extent of H/D exchange (i.e., Dmass) for each peptide. Plots of Dmass versus [GdmCl] (i.e., SUPREX curves) were generated for each peptide, which revealed transition midpoints (i.e., C 1/2 values) and initial H/D exchange levels, used to determine sequence-specific stability changes in Hsp33 (Table S3 ). In excellent agreement with our limited proteolysis results, we found that the most dramatic thermodynamic changes upon oxidative activation and substrate binding take place in two regions of Hsp33, aa 174-192 (i.e., a5) and aa 203-221 (i.e., a6-b10), which span nearly all of Hsp33's linker region ( Figure 4C ). Our thermodynamic analyses with C 1/2 value changes observed for peptides derived from this region indicate that the linker region of Hsp33 is destabilized upon oxidative activation, as indicated by the 0.5 to 0.8 M C 1/2 value shifts that were observed for the and Hsp33 (aa 203-221) peptides ( Figure 4C , compare black and red data; Table S3 ). Notably, this region of Hsp33 ox 's structure regained some of its stability (i.e., C 1/2 values were shifted to a higher denaturant concentration) upon binding thermally unfolding CS ( Figure 4C , compare red and blue data; Table S3 ). These results provide additional evidence that the natively unfolded linker region of Hsp33 is directly involved in substrate binding. The stabilization that we observed in Hsp33's linker region is most likely through a combination of direct substrate binding and substrate-mediated refolding and contributes to the overall affinity of Hsp33 for its client proteins.
Reduction of Hsp33-Substrate Complexes Destabilizes Bound Substrate Proteins
Release of client proteins from Hsp33 ox requires the restoration of reducing nonstress conditions and the presence of the DnaK system (Hoffmann et al., 2004) . Our studies now raise the question of how the DnaK system is able to trigger substrate release from Hsp33, given the only partially overlapping peptide-binding specificity of the two chaperone systems. To address this question, we undertook structural studies on the bound substrate proteins primarily using SUPREX analysis of CS, both alone and in complex with Hsp33 before and after DTT treatment. This analysis provided region-specific stability information of approximately 50% of the CS molecule ( Figures 5A and S5A) . A comparison of the transition midpoint values (C 1/2 ) obtained on these peptides from native CS and thermally unfolded CS in complex with Hsp33 ox revealed that the relative thermodynamic stabilities of several regions (helices a3, a4, a5/6, and a8/9) of the CS structure were unchanged (Figures 5A and 5B and Table S4 ). However, we identified three regions of CS involving helices a1-a2, a12-a15, and a19-a20 that appear to be strongly destabilized in the complex (Figures 5A and 5B) . Importantly, these regions coincide well with the dimerization interface of CS; helices a12 and a13 (aa 269-298) are part of a largely hydrophobic, four-stranded antiparallel a helix sandwich, which constitutes the main component of the monomer-monomer interface of CS, whereas helices a2 (aa 57-70) and a20 (aa 453-460) contribute to dimerization by deeply burying themselves into the other monomer ( Figure S5A ). Two additional CS peptides located near the monomer-monomer interface containing helix a14/15 (aa 310-330, aa 325-351) were detected in native CS but not detected in the MALDI readout of the complex. Absence of these peptides was not due to signal suppression effects in the MALDI readout ( Figure S5B ) but presumably due to Hsp33 directly protecting these CS sites against proteolysis (Figures 5A and 5B) . These results are remarkably consistent with our peptide array studies, which showed high-affinity binding to peptides spanning helices a1, a12, a13, and a15 ( Figure 5B ). They strongly suggested that Hsp33 ox interacts with parts of CS's hydrophobic dimerization interface ( Figure S5A ).
To assess whether reduction of the Hsp33-substrate complex affects the conformation of CS, we treated the complex with DTT for 30 min ([Hsp33-S] red ). This incubation is sufficient to reduce Hsp33's disulfide bonds (Hoffmann et al., 2004) and causes moderate conformational rearrangements in Hsp33, particularly in its zinc-binding domain ( Figure 4A ). Importantly, complex formation is maintained unless the DnaK system is added (Hoffmann et al., 2004) . Upon reduction of the Hsp33 ox -CS complex, we found that peptides covering the four helices a12-a15 (aa 269-351) of CS all lacked transition regions and showed significant loss in the number of globally and/or subglobally protected amide protons ( Figure 5A and Table S4 ). Such a loss of protected amides is most likely a result of a significant destabilization and/or structural changes of the monomer-monomer interface upon reduction of the Hsp33-substrate complex. Limited proteolysis analysis of CS, MDH, or luciferase in complex with Hsp33 ox yielded qualitatively very similar results ( Figure 5C ). In each case, return to nonstress conditions uncovered proteolytic sites in the substrate proteins that were inaccessible in the native substrates or upon complex formation with Hsp33 ox . Notably, thiol trapping experiments of the thermally unfolded substrate proteins in complex with Hsp33 ox before and after complex reduction excluded significant thiol oxidation within the substrate proteins, implying that the conformational changes that we observed in the client proteins are induced by Hsp33 reduction and not by the reduction of the bound proteins. These results strongly suggest that reduction-mediated refolding of Hsp33's C-terminal redox-sensor domain triggers conformational rearrangements in the bound proteins that are consistent with increased substrate unfolding and the loss of stabilizing Hsp33-substrate interactions. These appear to be the necessary prerequisites for the successful transfer of folding intermediates to the DnaK system. . All identified peptides were mapped onto the CS structure (PDB: 2CTS), and changes in relative thermodynamic stability are depicted as color changes from pink to red as stability decreases. Right panel: Localization of Hsp33's good binders in CS structure as defined by peptide array is depicted in green. (C) Comparison of limited proteolysis profiles of CS, MDH, or luciferase either in native form or upon thermal unfolding in the presence of Hsp33 ox before or after reduction with DTT. Peptides detected in native form and upon complex formation are depicted in green, peptides found in complex both before and after reduction are shown in blue, and peptides that are only detected after complex reduction are indicated in orange. Regions of CS defined as good binders by peptide array are indicated by dark cyan bars. Peptides of CS identified in SUPREX analysis are indicated by red and pink bars, respectively (see Figure 5A for reference). See also Figure S5 and Table S4 .
DISCUSSION
Intrinsically Disordered Regions Confer ''Folding-State'' Specificity to Substrate Binding Hsp33 is a member of a new group of unrelated ATP-independent chaperones, which become rapidly activated when cells encounter particularly problematic stress conditions that cause both widespread protein unfolding and inactivation of essential housekeeping chaperones (Jakob et al., 1999; Tapley et al., 2009) . One common feature that these stress-specific chaperones share is their ability to quickly convert large parts of their structure into intrinsically disordered protein segments in response to activating stress conditions. Only upon reaching this state of native disorder, either stress-induced or by rational design (Cremers et al., 2010) , do these chaperones gain their full substrate-binding potential. Based on the widely accepted notion that molecular chaperones utilize distinct hydrophobic binding sites (Tyedmers et al., 2010) , it was thought that these chaperones contain specialized hydrophobic surfaces that serve double duty: as stabilizing interfaces for metastable protein segments (i.e., Hsp33) or monomer-monomer interactions (i.e., HdeA) under nonstress conditions and as high-affinity substrate-binding sites for unfolding proteins under stress conditions (Ilbert et al., 2007; Tapley et al., 2009) . This model, however, raised several conceptual questions, including why these chaperones would prefer binding of unfolding substrate proteins over interacting with their own intrinsically disordered regions. By studying the redox-regulated chaperone Hsp33, we have uncovered one solution to this apparent quandary. We found that activated Hsp33 uses parts of its own intrinsically disordered segment, an 50 aa linker region, as interaction sites for binding early protein-unfolding intermediates. By using two unrelated methods, limited proteolysis and SUPREX analysis, both combined with mass spectrometry, we independently confirmed significant conformational rearrangements and stabilization of this intrinsically disordered region upon interaction with two different substrate proteins. Involving these intrinsically disordered segments in substrate binding provides large flexibility in substrate recognition without requiring sequence specificity. These results concur with previous studies on the small heat shock protein PsHsp18-1, which showed that different unfolded substrate proteins crosslink most strongly with amino acids of the flexible N terminus (Jaya et al., 2009) .
Our binding studies revealed that Hsp33 preferentially binds early unfolding intermediates with residual secondary structure. This result is consistent with the binding specificity of many other intrinsically disordered proteins whose binding partners (shown to be native proteins, DNA, or membranes) are thought to act as stabilizing scaffolds that promote the refolding of the disordered regions (Tompa and Csermely, 2004) . Based on the conformation-selection theory proposed for intrinsically disordered proteins, it is entirely possible that secondary structure elements, which are abundantly present in early unfolding intermediates, capture native-like states of Hsp33's linker region, thus increasing linker stability. These results strongly suggest that Hsp33's high specificity for structured early unfolding intermediates (i.e., folding-state specificity) is guided by their ability to act as folding scaffolds for the intrinsically disordered linker of Hsp33. The DnaK system, however, whose primary role is to support the folding of nascent polypeptide chains, has a discrete peptide-binding pocket that is well-suited to bind short extended peptides largely devoid of secondary structure elements (Chen et al., 2006) . These results serve to illustrate how the peptidebinding specificities of distinct classes of chaperones have adapted to serve specific physiological needs.
Reversible Order-to-Disorder Transition Controls Substrate Binding and Release Holdases like Hsp33 or sHsps rely on foldases to support the refolding of their bound substrate proteins upon return to nonstress conditions. This raises the question as to how substrate transfer is coordinated between these chaperone systems, given the apparent difference in binding specificity. One model, the ''entropy transfer model,'' which was proposed by Csermely and Tompa, states that refolding of intrinsically disordered regions upon substrate binding might provide the entropic energy necessary to unfold the bound substrate proteins, thus returning them onto a more productive folding pathway (Tompa and Csermely, 2004) . However, because unfolding intermediates do not occupy discrete conformational states and are highly prone to form insoluble aggregates, structural or thermodynamic differences between unfolding proteins in the chaperone-free and chaperone-bound forms are very difficult to determine. Fortunately, the unique nature of Hsp33's substrate-binding and release mechanism provided us with the exciting opportunity to directly compare two distinct, soluble substrate protein populations. One population is freshly unfolded in the presence of Hsp33 ox and is protected against further protein unfolding and aggregation but is unable to be released to and/or interact with the DnaK system. The second population, generated upon return of Hsp33-substrate complexes to a reducing environment, is also protected against spontaneous dissociation but is rapidly released and refolded when the DnaK system is present. Thermodynamic analysis and limited proteolysis studies revealed substantial destabilization in the second population of substrates. These results suggest that the same thermodynamic linkage that exists between the redox status of Hsp33's cysteines and the stability of Hsp33's linker region and that is responsible for the unfolding of Hsp33's linker region upon disulfide bond formation (Ilbert et al., 2007) acts during the inactivation process of Hsp33 and is utilized to shift the equilibrium of the bound substrate protein toward a more unfolded, destabilized conformation ( Figure 6 ). Increased destabilization in the substrate proteins concomitant with increased stability in the linker region will inevitably decrease Hsp33's affinity for the substrate proteins, marking them for release once DnaK is present. A similar mechanism might also apply to the acid-activated chaperone HdeA, in which return to neutral pH triggers the disorder-order transition of the chaperone, sufficient to cause the slow release of substrate proteins in a folding-competent conformation (Tapley et al., 2010) . Our results provide mechanistic insights into how, in the absence of ATP, interactions between natively unfolded regions and early protein-unfolding intermediates are used to translate environmental changes into conformational rearrangements in the substrate proteins that are conducive to productive refolding.
EXPERIMENTAL PROCEDURES Protein Purification
Purification of wild-type Hsp33, Hsp33 C-term , DnaK, and DnaJ and preparation of inactive reduced and active HOCl-oxidized Hsp33 were conducted as described Winter et al., 2008) . Pep NuoC was synthesized by Genscript and included an added tyrosine residue for peptide concentration determination. Peptides described in Table S2B were obtained from American Peptide Company or Genscript. They were either diluted in DMSO (Pep2-5) or in buffer (Pep1, Pep6-8). Peptide concentrations were determined using the appropriate extinction coefficient or, in the absence of Tyr or Trp residues, were estimated based on the amount of peptide provided by the company. Arc repressor protein was generously provided by Dr. Lewis Kay.
Screening of Peptide Array for Hsp33 Binding
The peptide library comprised of 3,914 peptides of 12 aa was synthesized by LC Sciences using PepArray technology (Pellois et al., 2002) . Hsp33 binding was visualized with Cy5-labeled anti-Hsp33 antibodies. Details about data analysis and the development of the Hsp33-binding predictor are described in the Extended Experimental Procedures.
Binding Affinity Measurements with SPR Kinetic constants for peptide binding were determined by SPR using the ProteOn XPR36 Protein Interaction Array System (Bio-Rad) in KH 2 PO 4 (pH 7.4) with 0.003% surfactant P20 at 25 C. Pep NuoC or Hsp33 C-term were immobilized by amine coupling to the GLC sensor chip. Hsp33 red or Hsp33 ox were applied at six different concentrations (0-1.5 mM) using the simultaneous application mode. The binding sensorgrams were analyzed with BIAevaluation (Biacore).
Chaperone Competition Assays
The influence of Hsp33 or DnaK/DnaJ on the aggregation of chemically denatured CS (Sigma) or luciferase (Promega) was determined as described , using chaperone and competitor concentrations given in the figure legends. For competition studies, chaperones were preincubated with the competitors for 4 min (peptides), 2 min (Hsp33 C-term , a-casein), or 10 s (unfolding Arc) at 30 C before CS or luciferase was added. Light scattering was monitored in 40 mM HEPES (pH 7.5) at l ex /l em of 360 nm using a Hitachi F4500 fluorescence spectrophotometer equipped with a temperaturecontrolled cuvette holder and stirrer. Competition assays with Pep NuoC were conducted in 0.003% Tween P20 to increase solubility of Pep NuoC . Tryptophan fluorescence of 0.75 mM Arc was followed in 40 mM HEPES (pH 7.5) to monitor Arc unfolding. l ex 295 nm, l em 332 nm, and ex/em slits of 10/5 nm were used.
Formation of Hsp33-Substrate Complexes
Complexes between Hsp33 and thermally unfolded CS, malate L-dehydrogenase (MDH) (Roche), or luciferase were formed as described (Xu et al., 2010) . The final Hsp33 concentration was 3-5 mM for limited proteolysis or 114-124 mM for SUPREX.
Limited Proteolysis Coupled with LC-MS
Tryptic digests were carried out at 1:10 ratios of trypsin to protein in 40 mM K 2 HPO 4 (pH 7.4), 25 C. Aliquots were taken at defined time points (0-15 min), and the digest was stopped with 10% TFA. Samples were applied to a reverse phase C18 column (Zorbax 300SB-C18, 1 3 50 mm, 3.5 m) coupled to a Q-TOF (Agilent) dual ESI LC-MS for peptide identification. Peptides were eluted using a 2%-80% gradient of acetonitrile at a flow rate of 0.3 ml/min at 30 C in 15 min. The BioConfirm software (Agilent) was used for peptide identification.
SUPREX Analysis
Detailed protocols of our SUPREX analysis are provided in the Extended Experimental Procedures. In short, a series of H/D exchange buffers containing 20 mM Na 2 DPO 4 , pD 7.4 and different GdmCl concentrations were prepared. H/D exchange reactions were started by diluting proteins Hsp33 senses unfolding conditions by converting stably folded regions into intrinsically disordered segments (green and cyan), which participate directly in the highly flexible binding of a wide variety of early unfolding intermediates. Client protein binding confers stability to intrinsically disordered regions of the chaperone. Return to nonstress conditions further stabilizes the chaperone (cyan regions), leading to destabilization/unfolding of the bound client protein, which appears to be necessary for substrate release and refolding by foldases. To simplify the model, the dimerization equilibrium of active Hsp33 was omitted.
1:10 into SUPREX buffers. At specified exchange times, reactions were quenched with HCl (pH 0.9), followed by a 30 s pepsin digest. One microliter of the digested samples was added to 9 ml matrix solution and spotted onto a MALDI target for MS analysis. The uptake of deuterons (i.e., Dmass) was calculated for each singly charged peptide by subtracting the undeuterated peptide mass from the deuterated peptide mass determined in the MALDI-TOF analysis. Ten MALDI spectra were collected at each denaturant concentration, and Dmass values were averaged. SUPREX curves (plots of Dmass versus [GdmCl]) were generated for each peptide and fitted to a four-parameter sigmoidal equation using a nonlinear regression routine in SigmaPlot to obtain the C 1/2 value, which represents the denaturant concentration at the transition midpoint.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, five figures, and four tables and can be found with this article online at doi:10.1016/j.cell.2012.01.045.
